General Introduction {#s0001}
====================

The clinical efficacies of antitumor therapeutics attempted so far remain limited. One confounding factor imparting this limitation may be observed intratumoral immunosuppression, a typical property of tumor environments that may hamper the desired antitumor effect. Apart from the immunosuppressive mechanisms exerted by cancer cells, suppressive immune cells present within the tumor also play a major role. The main immune cell types contributing to tumor immunosuppression and escape include: tumor-associated macrophages (TAMs), regulatory T cells (Tregs), type 2 natural killer T (NKT) cells and myeloid-derived suppressor cells (MDSCs).[@cit0001] Therapeutic strategies targeting these cell populations for the benefit of cancer treatment are emerging.

In healthy individuals MDSCs, present in low numbers in the circulation, are involved in regulation of immune responses and tissue repair.[@cit0001] During immunological responses to infections, inflammation and cancer this population rapidly expands. MDSCs are a heterogeneous population of myeloid lineage defined by an immature state and the capacity to suppress T-cell responses. Because of their incomplete differentiation, MDSCs differ from mature myeloid cells.[@cit0001] In mouse models, MDSCs are identified by co-expression of CD11b (αM-integrin) and Gr-1 (Ly6 C-Ly6G)[@cit0002] on their cell surface. Recently, the immature marker CD31 was reported as necessary for proper identification of MDSCs.[@cit0003] Human MDSCs are more difficult to characterize due to the absence of lineage specific antigens, such as CD3 or CD19. Most often, human MDSCs are identified as CD14^-^CD11b^+^CD33^+^, without co-expression of the MHC Class-II molecule HLA-DR typical of mature myeloid and lymphoid cells.[@cit0004] A more detailed account of their histological and functional characteristics can be found in this review.[@cit0006]

Recent studies have shown that circulating MDSCs significantly increase in early and late stage cancer patients and correlate with clinical cancer stage and metastatic disease.[@cit0007] In addition, MDSCs accelerate angiogenesis, tumor progression and metastasis via multiple mechanisms ([**Fig. 1**](#f0001){ref-type="fig"}). Ample evidence demonstrates that cancer tissues with high MDSC infiltration are associated with poor patient prognosis and resistance to various therapies.[@cit0006] Therefore, several mono-, bi- or multi-therapeutic strategies are now being developed to target MDSCs coincident with the stimulatation of potent antitumor immune responses. This review provides an overview of therapeutic strategies that are grouped based on the processes they target: MDSC development, expansion and activation and strategies that specifically target the suppressive mechanisms employed by MDSCs ([**Table 1**](#t0001){ref-type="table"}). Table 1.Summary of pre-clinical and clinical compounds that target MDSC development, expansion and activationCompoundClass of compoundsTargeted processesMechanisms of actionRefs.Zolendronic acidBisphosphonatesMDSC migrationc-kit cleavage[@cit0018]^,^ [@cit0039]Curcumin derivativesNatural compoundsMDSC formation\
MDSC maturationSelective inhibition of the JAK2/STAT3 pathway[@cit0016]SunitinibTyrosine kinase inhibitorsMDSC formation\
MDSC depletion- Inhibition of STAT3 phosphorylation and activation\
- Inhibition of c-kit and VEGFR functions[@cit0012]^,^ [@cit0020]All-trans retinoic acid (ATRA)Vitamin A metabolitesMDSC maturationActivation of ERK pathway[@cit0005]^,^ [@cit0025]Vitamin D3Vitamins DNot known[@cit0003]3, 5, 7-trihydroxy-4′-emthoxy-8-(3-hydroxy-3-methylbutyl)-flavone (ICT)Icariin derivatives- Inhibition of S100A8/9 expression\
- Inhibition of STAT3 and AKT pathways[@cit0030]MPSSS poly-saccharideLentinus edodes derived compoundsStimulation of the Myd88-dependent NF-κB signaling pathway[@cit0031]Bevacizumab (Avastin)Humanized monoclonal antibodiesMDSC expansionBlockade of VEGF signaling[@cit0038]CelecoxibNonsteroidal anti-inflammatory drugs (NSAID)T cell nutrient depletionInhibition of COX2[@cit0048]Sildenafil and tadalafil (Viagra and Cialis)PDE-5 inhibitorsInhibition of PDE-5 in MDSCs[@cit0049]N-hydroxy-[L]{.smallcaps}-Arginine (NOHA)Intermediate of NO biosynthesisInhibition of ARG1 function[@cit0006]NitroaspirinNSAIDInduction of oxidative stressInhibition of ARG1 and iNOS functions[@cit0052]N-acetyl cysteine (NAC)Cysteine derivativesInhibition of ROS production[@cit0053]CpG oligodeoxy-nucleotides (ODN)Short single-stranded synthetic DNA moleculesInhibition of ARG1 and iNOS production[@cit0054]Bardoxolone methyl (CDDO-Me)Synthetic triterpenoidsSTAT3 inhibition and upregulation of antioxidant genes[@cit0057]Withaferin AWithaferin somnifera derived compoundsStimulates glutathione, superoxide dismutase and catalase production[@cit0059]Monoclonal anti-Gr1 antibodyMonoclonal antibodiesLocal intra-tumoral MDSCsSpecific targeting of all Gr1+ cells[@cit0064]IL4Rα aptamerRNA aptamers- Inhibition of STAT6 signaling\
- Induction of MDSC apoptosis[@cit0065]GemcitabineNucleoside analogsInduction of MDSC apoptosis and necrosis[@cit0031]5-fluorouracil (5-FU)Pyrimidine analogsInduction of MDSC apoptosis[@cit0070]PeptibodiesGenetically fused peptide sequencesLocal intra-tumoral and intra-splenic MDSCs, circulating MDSCsTargeting of MDSC-membrane proteins (S100 family)[@cit0072][^1] Figure 1.**Mechanisms used by MDSCs to decrease antitumor immunity and contribute to tumor immune escape.** Under normal circumstances, hematopoietic stem cells (HSCs) located in the bone marrow give rise to immature myeloid cells (IMCs), which differentiate into mature macrophages, dendritic cells (DCs) or granulocytes. In the context of cancer, the tumor microenvironment releases mediators that signal development of IMCs to myeloid-derived suppressor cells (MDSCs) and chemokines that signal MDSC migration to tumors. Immunosuppressive intratumoral MDSCs can: (i) block migration of naïve CD62L^+^ (L-selectin) T cells to lymphoid organs and subsequent formation of effector T cells; (ii) release factors that stimulate regulatory T cell (Treg) conversion and expansion; (iii) induce intracellular pathways that promote self-expansion; (iv) produce high levels of arginase 1 (ARG-1) that depletes T cells of [L]{.smallcaps}-arginine, inducing cell cycle arrest; (v) stimulate production of reactive oxygen and nitrogen species (ROS, RNS) that decrease T cell receptor (TCR) functionality; (vi) nitrate / nitrosylate CD8 and chemokine C-C or C-X-C motif ligands and receptors that contribute to MDSC and, respectively, T cell migration. TNFα, tumor necrosis factor α; TGFβ, transforming growth factor β; IL1β, interleukin 1 β; IL6/10, interleukin 6/10; GM-CSF, granulocyte macrophage colony stimulating factor; SCF, stem cell factor; Flt3, Fms-like tyrosine kinase 3; ARG1, arginase 1; iNOS, inducible nitric oxide synthase; NO, nitric oxide; S100A8 and S100A9, S100 calcium binding proteins; ADAM17,ADAM disintegrin and metallopeptidase domain 17; STAT, signal transducer and activation of transcription; HIF-1α, hypoxia inducible factor 1α; Myd88, myeloid differentiation primary response protein 88; proto-oncogene c-kit, SCF receptor; VEGFR, vascular endothelial growth factor receptor.

MDSC Development---Prevention or Differentiation to Mature Cells {#s0002}
================================================================

MDSCs increase in abundance under the duress of pathological conditions, such as in response to inflammation and cancer. In the case of malignant disease, a tumor-driven 'microenvironment' arises[@cit0006] characterized by alterations in cytokine homeostasis.[@cit0003] Immature myeloid cells (IMCs) are blocked en route during differentiation from hematopoietic stem cells (HSCs) to mature granulocytes, macrophages or dendritic cells. This cell-fate specification blockage results in accumulation of IMCs with immunosuppressive activities, which are collectively called MDSCs.[@cit0001] Local cell-cell signaling mediators, such as the interleukins IL-1β and IL-6, as well as tumor necrosis factor α (TNFα), granulocyte monocyte colony stimulating factor (GM-CSF), and vascular endothelial growth factor (VEGF) stimulate development of MDSCs in the bone marrow. In contrast, tumor-associated cytokines, such as the C-C and C-X-C motif chemokines CCL2, CXCL12 and CXCL15, induce recruitment of the newly formed MDSCs to the tumor site.[@cit0009]

Strategies that prevent MDSC formation and migration {#s0002-0001}
----------------------------------------------------

MDSC differentiation depends on signaling through cellular tyrosine kinases. For example, intracellular signal transducer and activator of transcription 3 (STAT3) activation stimulates expression of proliferative genes in IMCs and promotes their subsequent development to MDSCs.[@cit0010] Thus, compounds able to block STAT3 activation are currently being investigated as potential anticancer agents.[@cit0011]

Sunitinib is a broad-spectrum tyrosine kinase inhibitor that selectively targets MDSCs. Treatment with sunitinib strongly decreases functionality of c-Kit and vascular endothelial growth factor receptor (VEGFR), 2 receptors localized on both cancer cells and MDSCs, and involved in skewing of MDSCs toward an immunosuppressive phenotype. Sunitinib was shown to have significant, though not curative, clinical therapeutic effects in metastatic renal cell carcinoma (mRCC), as circulating MDSCs in mRCC patients were reduced by 50% after treatment. In addition, sunitinib treatment has been shown to diminish Treg levels and improv cytotoxic T lymphocyte (CTL) response.[@cit0012] Sunitinib has been reported to have inhibitory effects on various tyrosine kinases and to selectively decrease MDSC levels, in spleens alone[@cit0013] or in both tumors and spleens of various preclinical models,[@cit0014] while concurrently increasing numbers and functionality of CD8^+^ and CD4^+^ T cells. Importantly, one cycle of sunitinib treatment \\ significantly reduced IL-4 production and increased \]interferon γ (IFNγ) producing T cells in mRCC patients.[@cit0015]

Curcumin is a diarylheptanoid (diferuloylmethane) derived from the rhizome of the East Indian plant *Curcuma longa*, a member of the ginger family (Zingiberaceae). A component of the spice turmeric, curcumin downregulates the activity of several pro-inflammatory enzymes, such as cyclooxygenase-2 (COX2) and lipoxygenase. Curcumin derivatives are naturally occurring phenols usually used for their anti-oxidant and anti-inflammatory activities. Recently, curcumin derivatives were described to modulate cell signaling, by inhibiting the Janus kinase 2 (JAK2) and STAT3 signaling pathways in MDSCs,[@cit0016] sensitizing tumor cells to antigen-specific CTLs and inducing differentiation of immature dendritic cells (DCs)[@cit0017] Furthermore, treatment with curcumin derivatives has no negative effects on the viability and activity of human peripheral blood mononuclear cells.[@cit0016] More studies in several murine tumor models are warranted to further elucidate the therapeutic potential of curcumin derivatives.

An alternative approach is to block mobilization of the already formed MDSCs from the bone marrow into the circulation. Bisphosphonates have been used primarily to prevent loss of bone mass in patients with bone metastases. However, recent studies have shown that bisphosphonates inhibit enzymes responsible for the generation of prenyl groups, which are added to metalloproteinases (MMPs) during post-translational modifications.[@cit0018] Decreased prenylation of MMPs, such as MMP9, affect c-Kit cleavage and diminish MDSC mobilization from the bone marrow.[@cit0019] MMP9-induced mobilization of VEGF and subsequent binding to it\'s cognate receptor VEGFR on MDSCs are also prenylation dependent, and thus, bisphosphonate sensitive. Furthermore, combination of the n-bisphosphonate zolendronic acid with a plasmid DNA vaccine encoding rat p185/Her-2 was shown to decrease circulating MDSC levels, enhance anti-p185 antibody levels and decrease tumor growth.[@cit0020] These results have been recapitulated in other tumors models in which treatment with zolendronic acid increased IFNγ levels,decreased intratumoral MDSC levels and attenuated tumor growth.[@cit0021]

Strategies that promote MDSC maturation {#s0002-0002}
---------------------------------------

One to 5 percent of MDSCs can form myeloid cell colonies and approximately one third of this population differentiates into mature, non-suppressive cells in the presence of specific cytokines.[@cit0001] Stimulation of MDSC differentiation into mature myeloid cells without immunosuppressive functionalities is thus a promising strategy.

A compound well-known to have this stimulant effect is the all-trans retinoic acid (ATRA) metabolite of vitamin A. Various studies showed enhanced MDSC levels in the bone marrow and spleen of vitamin A deficient mice[@cit0022] and in mice treated with a pan-retinoic-acid-receptor antagonist.[@cit0023] In contrast, MDSC levels decreased upon ATRA administration, due to rapid stimulation of MDSC differentiation to DCs and macrophages *in vitro* and *in vivo*.[@cit0005] ATRA activated the ERK1/2 kinase pathway leading to up-regulation of the reactive oxygen species (ROS) scavenger glutathione (GSH)[@cit0025] and reduction of ROS levels in MDSCs.[@cit0026] Importantly, Mirza et al. reported no significant toxicity in cancer patients receiving ATRA treatment.[@cit0027] Furthermore, a vaccine targeting the H-2Db-restricted epitope of the human papillomavirus 16 (HPV-16) E7 protein in combinationwith ATRA decreased the growth of implanted C3 fibrosarcomas by 3-fold.[@cit0024] A similar effect was observed in response to a combinatorial therapy in which p53-primed DCs were administered with ATRA to treat murine sarcomas expressing a mutant p53 gene. However, ATRA was also shown to induce the development of CD4^+^ regulatory T cells (Tregs), by upregulating expression of the T cell cell-fate regulatory transcription factor FoxP3.[@cit0028] Thus, ATRA not an ideal candidate for MDSC depletion, as simultaneous Treg induction induced by ATRA treatment could further contribute to tumor development. These methods have not yet been widely investigated in clinical trials,[@cit0025] however, more studies are warranted.

Another promoter of myeloid cell differentiation is 1α,25-dihydroxyvitamin D3. Testa et al. showed that vitamin D3 induced monocytic maturation in several leukemic cell lines.[@cit0029] In contrast to such reports claiming vitamin D3 to be a direct promoter of myeloid cell maturation, others have suggested that vitamin D3 exerts its effects indirectly. For example, Serafini et al. showed that vitamin D3 efficiently reduced tumor growth when applied in mice with high levels of GM-CSF (Csf-2) activated MDSCs.[@cit0003]

Recently, treatment of immature myeloid cells with the flavonoid Icariin and its derivative 3, 5, 7-trihydroxy-4′-emthoxy-8-(3-hydroxy-3-methylbutyl)-flavone (ICT) has been reported to decrease MDSC percentages, likely due to differentiation to mature myeloid cells.[@cit0030] This differentiation was shown to be induced by inhibition of S100A8/9 expression and the STAT3 and AKT signaling pathways. Upon ICT treatment, MDSCs produced levels of NO and ROS decreased simultaneously with increased CD8^+^ T cell IFNγ.[@cit0030]

Lastly, the novel *Lentinus edodes*-derived polysaccharide MPSSS was also found to induce MDSC differentiation, reducing MDSC levels and inhibiting tumor growth.[@cit0031] Similarly, the naturally occurring antitumor compound curcumin that, as described above, is able to inhibit MDSC development from immature myeloid cells, has been suggested to also induce MDSC maturation.[@cit0032]

MDSC Expansion and Activation---Blockade Mechanisms {#s0003}
===================================================

In healthy individuals, the bone marrow contains about 20--30% MDSCs, the spleen about 2--4% and the lymph nodes contain no MDSCs.[@cit0001] In cancer patients a substantial increase in MDSCs in the periphery is often seen.[@cit0004] MDSC enhancement, a process thought to occur in the bone marrow and the spleen,[@cit0033] is influenced by 2 main types of factors: (i) promoters of MDSC expansion, and (ii) mediators involved in MDSC functional activation.

Strategies that block MDSC expansion {#s0003-0001}
------------------------------------

Mediators known to enhance the expansion of MDSCs are: cyclooxygenase-2 (COX2), prostaglandins, stem-cell factor (SCF),[@cit0006] macrophage colony-stimulating factor (M-CSF), IL-6, granulocyte/macrophage colony-stimulating factor (GM-CSF) and vascular endothelial growth factor (VEGF). These mediators trigger activating pathways that involve Janus kinase (JAK) and signal transducer and activator of transcription (STAT).[@cit0001] STAT3 is the transcription factor often considered to be the key mediator in regulation of MDSC expansion, as it promotes myelopoiesis and inhibits myeloid cell differentiation. STAT3 can operate through targeting genes encoding c-MYC, BCL^-^XL, cyclin D1 and survivin.[@cit0001] Additionally, STAT3 induces expression of the inflammatory proteins S100A8 and S100A9[@cit0034] on the cell surface membrane of MDSCs. GM-CSF, another mediator of MDSC expansion, plays a role only in expansion of monocytic, but not granulocytic MDSCs.[@cit0035] Thus, several studies aimed to directly neutralize these mediators in order to abrogate their MDSC expansion-promoting effects. Recently, stem cell factor (SCF)-mediated signaling of MDSCs was repressed by blocking the interaction with its receptor c-Kit. This inhibition resulted in decreased MDSC expansion and tumor angiogenesis.[@cit0036]

Other mediators involved in MDSC proliferation are VEGF, IL-6 and MMPs. Interestingly, during a clinical trial in which cancer patients were treated with antibodies neutralizing VEGF, (termed VEGF-traps), there was no change in MDSC levels.[@cit0037] However, in another setting in which RCC (Caki-1) tumor-bearing animals were treated with the VEGF-specific blocking antibody avastin, MDSC levels in the peripheral blood were significantly reduced.[@cit0038] Curcumin, thenaturally occurring antitumor compound that can inhibit MDSC formation, acts via STAT3 blockade, and abrogates MDSC expansion via its ability to inhibit MDSC-mediated IL-6 secretion.[@cit0032] Inhibition of MMP-9, a downstream target of STAT3, lowered intratumoral MDSC levels and significantly delayed tumor growth.[@cit0039] The mechanism by which STAT3 blockade leads to a reduction in MDSC expansion is not fully elucidated yet,[@cit0040] however, it is not advisable to delete STAT3 with the purpose of MDSC targeting, as Welte et al. showed that transgenic mice with a STAT3 deletion in the bone marrow died within 2 months of a Crohn\'s disease-like inflammatory syndrome.[@cit0041]

Strategies that block MDSC activation {#s0003-0002}
-------------------------------------

IFNγ, IL-13, IL-4 and transforming growth factor β (TGFβ), produced by stromal cells after tumor cell death, are molecules that promote MDSC activation, by inducing intracellular factors such as STAT1 and STAT6. In turn, these factors induce the expression of iNOS, arginase and suppressive cytokines, which are hallmarks of MDSC-mediated immunosuppressive activity.[@cit0001] A possible intervention in the activation of MDSCs is to block IFNγ. Movahedi et al. found that an anti-IFNγ antibody largely abolished polymorphonuclear (PMN)-MDSC-mediated immune suppression.[@cit0042] Another factor reported to participate in MDSC activation is TGFβ secreted by non-T and non-B cell splenocytes. Terabe et al indicated that these non-lymphoid splenocytes from tumor-bearing mice produce large amounts of CTL inhibitory TGFβ. This phenomenon has been identified as a response to IL-13 produced by CD1d restricted lymphocytes.[@cit0043] More studies unraveling the mechanisms by which the TGFβ/TGFβR pathway regulates MDSC polarization toward an immunosuppressive phenotype are warranted.

Suppressive Activity of MDSCs---Blockade of Inhibitory Mechanisms {#s0004}
=================================================================

MDSCs have a remarkable ability to suppress both innate and adaptive immune responses[@cit0001] while promoting tumor angiogenesis, cell invasion and metastasis.[@cit0006] The immunosuppressive effects of MDSCs depend on direct cell-cell contact through membranous receptors or short-lived soluble mediators.[@cit0001] Mechanisms and strategies that may counteract these effects of MDSCs are discussed below.

Strategies that inhibit nutrient depletion {#s0004-0001}
------------------------------------------

MDSCs can deplete nutrients needed for the synthesis of lymphocyte-activating proteins.[@cit0006] For instance, MDSCs can deplete [L]{.smallcaps}-arginine[@cit0044] and [L]{.smallcaps}-cysteine,[@cit0045] 2 amino acids required for T-cell differentiation. To do so, they need arginase-1 (ARG1) and inducible nitric oxide synthase-2 (iNOS2), for which [L]{.smallcaps}-arginine is a substrate. MDSCs highly express these enzymes as a result of cytokine stimulation, including IL-10, IFNγ, and TNFα. ARG1 converts [L]{.smallcaps}-arginine into urea and L-ornithine and iNOS2 metabolizes it into nitric oxide (NO) and L-citrulline. These conversions result in a down-regulation of the ζ-chain of the T cell receptor (TCR) complex, thus disturbing the normal signal transmission required for activation. Also, NO produced by MDSCs interferes with T cell JAK-STAT signaling proteins required for various T-cell effector functions, thus inhibiting MHC Class II expression and inducing T-cell apoptosis.[@cit0025]

Several attempts have been made to inhibit this MDSC-mediated nutrient depletion. Firstly, methods were applied to inhibit the upregulation of ARG1 expression. COX2 stimulates production of prostaglandin E2 (PGE2), which, in some tumor models, was suggested to up-regulate ARG1 expression in MDSCs.[@cit0001] Indeed, blockade of PGE2 synthesis in tumor-bearing mice and humans resulted in improved antitumor T-cell responses.[@cit0046] This was confirmed by studies reporting a downregulation of ARG1 expression in MDSCs after administration of COX2 inhibitors, followed by enhanced antitumor T-cell responses and immunotherapy efficacy.[@cit0046] Furthermore, the use of the COX2 inhibitor celecoxib reduced levels of tumor-infiltrating MDSCs and potentiated dendritic cell-based immunotherapy.[@cit0048]

Phosphodiesterase 5 (PDE5) inhibitors such as sildenafil (Viagra) and tadalafil (Cialis) act likewise as COX inhibitors. They down-regulate the expression of ARG1 and iNOS in MDSCs,[@cit0049] by inhibiting the degradation of cyclic guanosine monophosphate (cGMP). This downregulation resulted in MDSC inhibition, induction of antitumor immune responses and delay of tumor progression. Particularly, CD8^+^ T-cell tumor infiltration, activation and proliferation were enhanced. The mechanism by which immunosuppressive MDSC functions were attenuated was through a decrease in levels of IL-4α receptor as well as those of the effector molecules ARG1 and iNOS. PDE-5 inhibitors have a good safety profile and are already used for treatments of erectile dysfunctions, pulmonary hypertension and cardiac hypertrophy.[@cit0049] Currently, a Phase II clinical trial is ongoing in which head and neck squamous cell carcinoma (HNSCC) patients are treated with tadalafil combined with the conventional HNSCC therapy (clinicaltrials.gov ID NCT01697800).

Another compound well known for its inhibitory effect on ARG1 activity is N-hydroxy-[L]{.smallcaps}-arginine (NOHA). *In vitro* studies have reported that NOHA inhibits ARG1 function, and thus MDSC suppressive capacities. Concomitantly, NOHA inhibited MDSC-mediated Treg expansion. It is widely known that Tregs are detrimental for tumor control, as clonal expansion of antigen-specific natural Tregs translates into *de novo* stimulation of FoxP3^+^ Tregs.[@cit0050] When these FoxP3^+^ Tregs are generated, the activation and expansion of tumor antigen-specific T cells are abolished.[@cit0025]

Strategies that block the induction of oxidative stress {#s0004-0002}
-------------------------------------------------------

The second type of suppressive mechanisms involves MDSC induction of oxidative stress via production of ROS and reactive nitrogen species (RNS). These reactive species, which are the result of cooperative activities of NADPH oxidase, ARG1, iNOS and TGFβ,[@cit0006] cause loss of TCR ζ-chain expression and desensitization of the TCR.[@cit0051] *In vitro* studies revealed a complete abrogation of the MDSC suppressive effect when ROS production was repressed.[@cit0025]

Several ROS inhibitors that block MDSC-induced oxidative stress have been examined. Nitroaspirin countered ARG1 and iNOS activity in splenic MDSCs.[@cit0052] A comparable agent, N-acetyl cysteine (NAC), reduced ROS production and increased the extracellular pool of cysteine.[@cit0053] ARG1 and iNOS production was also inhibited by CpG oligodeoxynucleotides (ODN), which additionally induced antitumor type 1 macrophage differentiation.[@cit0054] ROS levels could also be reduced by synthetic triterpenoids, such as bardoxolone methyl (CDDO-Me), via upregulation of antioxidant genes.[@cit0057] In higher concentrations CDDO-Me also inhibited STAT3. Moreover, CDDO-Me therapy decreased MDSC-mediated ROS production, enhanced T-cell function and reduced murine tumor growth.[@cit0058] This compound was tested in a Phase I clinical trial with pancreatic cancer patients receiving gemcitabine, resulting in significantly enhanced T-cell responses (Clinical Trial No. RTA 402-C-0702).

Lastly, root extracts of the plant *Withaferin somnifera* (WRE) has been investigated because of its tumor growth reducing properties.[@cit0059] Withaferin A (WA), its most abundant constituent, shows antitumor effects via its antioxidant properties when tested against cultured and xenografted tumor cells. Sinha et al. investigated the effects of WA on MDSCs and found that WA indeed reduced MDSC-mediated immune suppression, thus making it an interesting compound for anti-MDSC therapy.[@cit0060]

Strategies that reverse blockade of lymphocyte trafficking and viability {#s0004-0003}
------------------------------------------------------------------------

Various studies have shown that MDSCs can also influence lymphocyte tumor trafficking and viability. When expressed on the plasma membrane of MDSCs, disintegrin and ADAM metallopeptidase domain-containing protein 17 (ADAM17) downregulate CD62L (L-selectin) expression on the surface of naïve T cells,[@cit0006] thus limiting T-cell recirculation to lymph nodes.[@cit0061] As a result, T cells do not encounter tumor antigens presented by APCs in the lymph nodes, and as a result, are not activated.[@cit0027] Other means by which MDSCs mediate immunosuppression include decreased effector CD8^+^ T-cell migration to tumors,[@cit0062] T-cell apoptosis,[@cit0063] and interference with natural killer (NK) cell function. MDSCs prevent NK cell production of IFNγ, a cell-cell contact dependent phenomenon involving the NK cell activation receptor NKG2D and membrane-bound TGFβ.[@cit0025]

Local MDSCs at the Tumor Site {#s0005}
=============================

MDSC-induced immunosuppression generates notorious hallmarks of cancer development, of which angiogenesis is crucial. After migrating to tumors, MDSCs release factors that promote blood vessel formation. Also, they generate MMPs, such as MMP-9, which release matrix-bound VEGF and recruit pericytes that can form new blood vessels. That MDSCs directly stimulate the process of tumor development was demonstrated by the correlation between the inhibition of MDSC tumor migration and decreased tumor angiogenesis.[@cit0025]

Strategies that deplete intra-tumoral MDSCs {#s0005-0001}
-------------------------------------------

More than a decade ago, treatment of tumor-bearing mice with monoclonal anti-Gr-1 antibody (clone RB6--8C5) resulted in enhanced CD8^+^ T-cell function and a delay in tumor progression *in vivo*.[@cit0064] However, this antibody also targets neutrophils, thus lacking the necessary specificity for clinical use.[@cit0003]

Specific targeting of MDSCs can be achieved with an engineered RNA aptamer.[@cit0065] This compound is specific for mouse and human IL4Rα, a membranous receptor that is upregulated on the surface of MDSCs present in tumor-bearing mice[@cit0066] and cancer patients.[@cit0067] Treatment with this RNA aptamer leads to intratumoral MDSC apoptosis, enhanced T-cell infiltration and delayed tumor growth. Notably, treatment with the aptamer alone did not cause complete tumor regression. However, because the aptamer was able to engage the receptor, this method remains an interesting potential therapeutic agent.[@cit0065]

Another way to target MDSCs is with chemotherapeutic drugs like gemcitabine. Gemcitabine is a nucleoside analog that effectively lowers MDSC levels in the spleen, thus improving antitumor responses induced by immunotherapy. This decrease is due to gemcitabine-induced MDSC cell death through apoptosis and necrosis.[@cit0068] Le et al. reported significant inhibition of tumor growth and decrease in splenic MDSC levels after gemcitabine treatment when started 5 d after tumor inoculation. This treatment also resulted in expansion of splenic T cells and a boost of their IFNγ secretion after stimulation with the proper tumor antigen *in vitro*. Furthermore, MDSC suppression was also revealed in bone marrow and blood harvested 24 and 48 h after gemcitabine treatment.[@cit0069]

The pyrimidine analog 5-fluorouracil (5-FU) is another cytostatic drug with MDSC-specific cytotoxicity. Five-FU administration to tumor-bearing mice increased survival, possibly due to enhanced cytotoxic T-cell activation. As compared to gemcitabine, 5-FU induced a more potent apoptosis-mediated MDSC depletion *in vitro* and *in vivo*.[@cit0070] However, 5-FU treatment was not curative in this tumor model because of Nlrp3 inflammasome induction, which led to MDSC-derived IL-1β secretion and angiogenesis.[@cit0070] As a solution, combinatorial treatment of 5-FU together with anti-IL-1β could be a successful therapeutic approach.[@cit0071]

In a recent study performed by Qin H. et al., efficient depletion of both intratumoral granulocytic and monocytic murine MDSC subsets was achieved with the help of a new therapeutic peptibody that specifically targets MDSCs without affecting other proinflammatory immune cells, such as DCs.[@cit0072] The peptibody was generated by genetically fusing sequences encoding mouse MDSC-binding peptides, (and previously identified by phage display), with those encoding the Fc portion of mouse immunoglobulin G2b (IgG2b). Intravenous peptibody administration completely depleted intratumoral, intrasplenic and circulating MDSC subsets. When intravenously administered to EL4 tumor-bearing mice for a 2-week period, peptibody treatment induced superior tumor growth inhibition as compared to anti-Gr1 monoclonal antibody treatment. Although the mechanism of action of this peptibody is thought to be through the S100 family of proteins expressed on the surface of MDSCs, more studies are warranted to completely elucidate this mechanism. Nevertheless, this novel approach to deplete MDSCs seems very promising, as it offers the advantage of specifically targeting both MDSC subsets.

MDSC-targeting compounds that also counteract tumor-promoting phenomena {#s0005-0002}
-----------------------------------------------------------------------

Some of the compounds reported to target MDSC development, expansion or activation can also counteract non-MDSC related tumor-promoting phenomena. For example, the tyrosine kinase inhibitor sunitinib is also a reported inhibitor of tumor angiogenesis, through blockade of VEGF 1--3 receptors. Another dual acting compound able to inhibit angiogenesis is withaferin A.[@cit0059] However, while some of these compounds alone induce tumor regression due to their multiple tumor-targeting mechanisms, studies focus nowadays on combinatorial therapies with superior antitumor effects.

Combination Therapies {#s0006}
=====================

New studies focused on combining MDSC targeting methods with various immunotherapies are emerging. Most commonly, MDSC-targeting compounds employed in multi-therapy approaches are chemotherapeutics already approved for clinical use. In a study combining a DNA-vaccine with a Pseudomonas-derived neurotoxin, MDSC depletion was induced by administration of IL-13 linked to the respective neurotoxin (IL-13-PE). Addition of this neurotoxin to the DNA vaccine against IL-13 receptor led to a significantly greater decrease in tumor growth of IL-13 receptor positive MCA307 sarcomas, as compared to vaccination alone.[@cit0073] Combination of the nucleoside analog gemcitabine with IFNβ treatment led to an enhancement of antitumor immune activity superior to that observed in either treatment alone.[@cit0068] A multimodal therapy regimen composed of gemcitabine, a HER-2/neu vaccine and monoclonal antibodies against anti-glucocorticoid tumor necrosis factor receptor related protein (GITR) managed to break self-tolerance and induced strong antitumor immunity in a tolerogenic HER2/neu mouse tumor model.[@cit0074] Similarly, a significant increase in tumor-specific T-cell responses and a prolonged antitumor effect was observed in various tumor models after combined treatment of ATRA with 2 different cancer vaccines.[@cit0024]

Recent studies suggest that combination of sunitinib with various immune-based cancer therapies may effectively enhance their efficacy ([**Table 2**](#t0002){ref-type="table"}).[@cit0075] Despite these promising preclinical results, combination of the TroVax vaccine with sunitinib in a Phase III clinical trial did not lead to enhanced survival, as compared to sunitinib alone.[@cit0077] This can be explained by the fact that sunitinib might not be able to directly enhance intratumoral vaccine-induced T-cell infiltration. In our hands, administration of sunitinib followed by therapeutic immunization with a viral vector based vaccine directed against human papilloma virus led to a stable decrease of intratumoral, intrasplenic and circulating MDSC levels and a concomitant increase of total and antigen-specific CD8^+^ T cells. Additionally, this multi-therapy induced a regression of tumor growth, thereby leading to 75% of mice exhibiting tumor-free survival in a pre-clinical model of HPV-induced cancer ([**Table 2**](#t0002){ref-type="table"}, unpublished data). Table 2.Summary of combination therapies aimed at effective MDSC targeting to potentiate antitumor therapeutic immunizationCombined therapiesResults in pre-/clinical settingsRefs.Zolendronic acid + plasmid DNA vaccine encoding rat p185/Her-2- significant decrease in MMP-9 expression in tumor stroma\
- reduced MDSC expansion in bone marrow and peripheral blood\
- enhanced anti-p185 antibody levels\
- impaired tumor growth in (FVB × BALB-neuT)F1 mice[@cit0020]ATRA + peptide vaccine containing an H-2Db-restricted epitope of the HPV-16 E7 protein / p53-transduced DC vaccine- reduced number of immature myeloid cells (due to differentiation)\
- increased CD8-mediated T cell responses in fibrosarcoma or sarcoma tumor-bearing mice\
- synergy with different cancer vaccines in reducing tumor growth[@cit0024]IL13-PE immunotoxin + IL13Rα2-targeted DNA vaccine- prolonged survival and inhibition of tumor growth in established 4T1 breast carcinoma and MCA304 sarcoma tumor models[@cit0073]Gemcitabine + IFNβ / Her-2/neu and anti-GITR mAb- specific depletion of intrasplenic MDSCs\
- increase in antitumor activity of CD8+ T cells and activated NK cells\
- induction of antitumor immunity in a tolerogenic murine tumor model[@cit0074]Sunitinib + SFVeE6,7 viral vector immunization / low-dose local tumor irradiation / DC vaccine / adoptive T cell therapy- Decreased intrasplenic, intratumoral and circulating MDSC levels\
- Increased infiltration of total and antigen-specific T cells in tumors\
- Enhanced antigen-specific CTL to MDSC ratio and reduced MDSC to Treg ratio\
- Synergistically induced tumor regression and increased survival(our unpublished data)[@cit0075][^2]

In the last decade, several studies have reported that local tumor irradiation can enhance immunotherapy efficacy, either by increasing localized APC uptake of tumor antigens or by enhancing intratumoral migration of immunization-induced antigen-specific CTLs.[@cit0078] Also, addition of sunitinib to low-dose local tumor irradiation led to improved survival in a mouse glioma model.[@cit0080] These promising results, make the multi-therapy approach of sunitinib, local tumor irradiation and therapeutic immunization constitute an interesting option to analyze. However, a very careful dose scheduling and treatment succession of these therapies must be employed, combined with stringent monitoring of ongoing studies. Meticulous orchestration of the timing and dosage of such treatments is necessary and justified since sunitinib has been previously reported to inhibit T-cell priming when administered simultaneously with therapeutic immunization, an effect that does not occur upon sequential administration.[@cit0081]

Concluding Remarks {#s0007}
==================

Current knowledge indicates MDSC-mediated immune suppression as a main hallmark of cancer development. Given that many promising MDSC targeting agents are already FDA-approved, their implementation in bi- or multi-therapy regimens that include cancer immunotherapy is warranted.
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[^1]: \*Abbreviations: JAK2 / STAT3, Janus kinase 2 / signal transducer and activator 3; proto-oncogene c-kit, Mast/stem cell growth factor receptor; VEGFR, vascular endothelial growth factor receptor; ATRA, all-trans retinoic acid; ERK, extracellular signal-regulated kinases; ICT, 3, 5, 7-trihydroxy-4′-emthoxy-8-(3-hydroxy-3-methylbutyl)-flavone; Myd88, myeloid differentiation primary response protein 88; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; NSAID, nonsteroidal anti-inflammatory drugs; COX2, cyclooxygenase 2; PDE-5, phosphodiesterase type 5; NOHA, N-hydroxy-[L]{.smallcaps}-arginine; NO, nitric oxide; NAC, n-acetyl cysteine; ODN, oligodeoxynucleotides; ARG1, arginase 1; iNOS, inducible nitric oxid synthase; CDDO-Me, bardoxolone methyl; IL4Rα, interleukin 4 receptor α; 5-FU, 5-fluorouracil.

[^2]: \*Abbreviations: MMP9, metalloproteinase 9; HPV-16, human papillomavirus 16; DC, dendritic cell; IL13, interleukin 13; IFNβ, interferon β; GITR, anti-glucocorticoid tumor necrosis factor receptor; mAb, monoclonal antibody; NK cells, natural killer cells; SFVeE6,7, Semliki Forest virus E6,7; CTL, cytotoxic T lymphocyte; Treg, regulatory T cell.
